The axial plunger EHP shown in Figure 1 integrates induction motor and axial plunger pump. It consists of shell, stator, rotor, plungers, slipper, swash plate, valve plate, sensor, inlet and outlet, etc. As you can see from Figure 1 , hydraulic oil goes into the shell from the inlet, and then flows into the plunger cavity through the channel between the
INTRODUCTION
Electro-hydraulic Pump (EHP), one of the new type of hydraulic power unit, highly integrates the electric motor and hydraulic pump which shares the same rotor and shell. It has the benefit of higher efficiency, more compact structure, higher power-to-weight ratio, lower noise and vibration, higher reliability, no external leak, etc. (FU Y.L. 2012) The axial plunger EHP referred in this paper integrates three-phase induction motor and axial plunger pump, which is installed inside the motor rotor. The integration makes greatly change of the structure and the supporting mode of both, and the dynamic and static performance of the pump will also be changed. This paper will analyze the electromagnetic drive and the mechanical loss of it. Then we establish the simulation model in AMESim to analyze the characteristics of the flow, pulsation and leakage. motor stator and the shell. High pressure oil gets out from the outlet. This special structure ensures that the hydraulic oil could flow in the whole shell, and take away the heat generated by the motor.
The working process is as follows: firstly, the rotation of the rotor is driven by the electromagnetic torque generated between motor stator windings and squirrel cage rotor. Then the rotor drives the cylinder and plungers to rotate by steel sleeve and key. With the help of swash plate, the plunger reciprocates to inhale and press oil.
SYSTEM THEORY ANALYSIS

Condition setting
EHP is a solid-liquid coupling fluid drive system, including four parts: mechanical transmission part, oil distribution part, solid-liquid coupling part and the outlet and load part.
As it is impossible to analyze the actual working condition of the EHP, we make the following assumptions of the initial and working conditions:
•
Input power is stable three-phase AC;
• The clearance of three kinematic pair (distribution pair, slipper pair, and plunger pair) remains stable pressure oil film and the leakage is laminar.
Power bond graph
EHP in working condition completes the whole transformation from electric energy to mechanical energy and then to hydraulic energy. Power bond graph can describe the transformation process. On the one hand, the modular structure described by power bond graph corresponds to the physical structure and dynamic factors. On the other hand, we can regularly derive mathematical model based on power bond graph. (LIU N.H. 1993) Power bond graph is shown in the left part of the Figure 2 . There are mainly two kinds of variables to describe power: force variable (including force, torque and pressure) and flow variable (including angular velocity, velocity and rate of flow).
In electrical circuit and fluid transmission route, as the sum of flow variable is 0. "0 node" is suitable. In electrical route, as the sum of force variable is 0. "1 node" is suitable.
In Figure 2 , input node S e inputs alternating voltage U and current I, and generates electromagnetic loss (iron loss, copper loss and stray loss) in electrical "0 node", which is transformed into output torque T 0 and rotate speed ω and then generates mechanical loss (Coulomb friction T f and viscous damping friction T v ) and effective torque T 1 . The speed of cylinder is transferred to the speed ν of plunger by transfer function ( , , , ) F R α ϕ β , and then mechanical energy is transformed into hydraulic energy. A part of flow in fluid "0 node" is supplied to load, and the remaining is transformed to flow loss and leakage.
Through the above analysis, we can calculate the electromagnetic loss of electrical "0 node", mechanical loss and efficiency of mechanical "1 node", and flow loss and volumetric efficiency of fluid "0 node". The mechanical loss and flow loss will be analyzed in the following.
Mechanical loss analysis
Mechanical loss is mainly characterized as various power loss from friction pair, which can be divided into the loss of viscous damping, coulomb friction and the static friction. 
Viscous damping loss (LI Z.F. 2014)
Viscous friction is mainly generated in three kinematic pair and film in the oil gap. As the location of the damping is different, the damping coefficient is transformed to the output shaft to calculate.
• Viscous damping of distribution pair
The structure of valve plate is shown in the right part of the Figure 2 . We got the viscous damping coefficient C v1 ： 
Where R 1 -R 6 represent the size of the valve plate support structure, η represent the central angle of each, and δ 1 is the thickness of the oil gap.
• 
• Viscous damping of slipper pair Assume that thickness of the oil film between slipper and swash plate is δ 3 , the viscous friction between both is: The converted viscous friction coefficient on motor shaft is:
Where d 1 and d 2 represent the outer diameter and inner diameter of the oil film.
• Viscous damping on oil gap film Motor stator and rotor are surrounded by hydraulic oil. As hydraulic oil is sticky, the oil film in motor's gap will hinder rotor's rotation. We can calculate the friction according to Newton's law of viscosity.
The viscous friction coefficient C v4 is:
Where h represents the length of gap, and R is the outer diameter of the rotor. 
Flow loss analysis
The main flow loss are flow leakage and compression loss. The former includes leakage on plunger cavity, the gap between swash plate and slipper, and the gap between the rotor and valve plate. As compression loss is very small, we just consider the former.
• Leakage loss of plunger cavity Flow leakage loss of each plunger cavity:
Where ∆P is the differential pressure, L is the channel length, ε is the eccentricities.
Then we get the total leak for the plunger cavity:
(1 1.5 ) 12
• Leakage loss between swash plate and slipper. (GUO W.D. 1996)
It can be described as formula (8). 
Where R h1 is the maximum outer radius of the slipper, and R h2 is the oil film radius.
• Leakage loss between rotor and valve plate. It can be described as formula (9).
3 AMESIM MODELING On the basis of calculation and analysis in the third quarter, the simulation model of EHP will be set up in the AMESim with the information of structure taken into consideration simultaneously.
Model of electromagnetic driver
The modified three-phase asynchronous motor, of which the rotor is combined together through steel sleeve and plunger pump cylinder, forms the electric drive part of the electric hydraulic pump.
The modified three-phase asynchronous motor whose input signal is three phase alternating voltage, is based on the EMDIMSC01 as the sub-model.
Mechanical and hydraulic model
•
Mechanical model
The quality of rotor, friction and damping factor should be taken into consideration while modeling the mechanical model of the electric hydraulic pump.
The plunger cavity and the plunger motion model Assume that a plunger initial position is identified as: Considering the friction and leakage, the composition of the sub-model BAP12, BAF14 and BHC11 will be a good choice. •
Model of valve plate
The model of valve plate and oil-distribution port is shown in Figure 3 .
The flow area varies along with the position between the plunger cavity and the valve plate. The process is shown in the left part of the Figure 4 .
The relative position between plunger cavity and the valve plate generates different shapes of flow area. By calculation, the relationship between plunger position and the distribution coefficient during the whole matching flow process is identified in right part of the Figure 4 .
Based on the conclusion above, the model of valve plate uses two alternate throttle of which the opening level is controlled by the imported DAT file. 
The whole model of the electric hydraulic pump
On the basis of chapter 3.1 and chapter 3.2, the whole AMESim model (Figure 5 ) of the EHP has been built. The left is the motor driven part, and the middle is the model of plunger, plunger cavity, valve plate and load part is on the right side. The model shown in Figure 5 
SIMULATION ANALYSIS
Simulation parameters
The fundamental electromagnetic parameters, mechanical parameters and hydraulic parameters used during the simulation are listed in the Table 1 . Figure 6 . The influence curve of oil film thickness to leakage and fuel tank pressurization.
The simulation result is shown in the left part of the Figure 6 . We can see, with the increase of the oil film thickness, the leak amount of sliding boots is accelerating. While the oil film thickness is 0.01mm, the leak amount becomes 0.8L/min around, which is not a small leak amount.
As much as possible in the allowed range, the decrease of the oil film thickness can improve the volumetric efficiency of electric hydraulic pump.
Characteristic analysis of no-load flow
On no-load condition, to analyze the influence of the fuel tank pressurization to the flow, the tank pressure is changing.
The right part of the Figure 6 shows the influence curve of fuel tank pressurization to flow. As we can see, the bigger the tank pressurization, the smaller the pulsation of output flow. Meanwhile, the effective output flow also increases accordingly.
Flow simulation analysis on the rated load
Under the rated voltage of power supply, the load of the EHP was set to 28MPa, to analyze the different result of flow, leak amount, volume efficiency and pulsation under none pressurization and pressurization with three bar. The flow and pulsation curves of the EHP identified in the Figure 7 shows that tank pressurization can effectively improve the flow and reduce the pulsation.
Leakage and volumetric efficiency is shown in Table 3 on such two condition. Table 3 identifies that fuel tank pressurization will increase the leakage. However, the corresponding volumetric efficiency even slightly increase.
CONCLUSION
•
Compared to traditional motor-pump equipment, EHP has no air cooling device, avoiding the mechanic loss from motor fan. Although hydraulic oil in the shell increases additional loss, this loss is much smaller than the mechanical loss avoided, and the mechanical efficiency is improved finally.
• Film thickness of the three kinematic pair (distribution pair, slipper pair, and plunger pair) affects the leakage. With the increase of film thickness, the amount of leakage pump increases quickly. To work effectively, appropriate film thickness need to be established.
• On no-load and rated load condition, tank pressurization can effectively increase the electric output flow, and reduce the pulsation. Although tank pressurization will increase the leakage in the three kinematic pair, the volumetric efficiency will not reduce. Tank pressurization is necessary when the condition is satisfied.
